Cs, Ce, and Nd cation-modified VPO/SiO 2 catalysts were prepared by a deposition method. The VPO/SiO 2 catalyst was composed of VOPO 4 and (VO) 2 P 2 O 7 phases. When Cs, Ce, and Nd cations were added in the VPO/SiO 2 catalyst, Cs 4 P 2 O 7 , CePO 4 , and NdPO 4 were formed and V 5+ /V 4+ ratio increased, respectively. The basicities of the metallic cation-modified catalysts increased while their acidities exhibited maximum values with the increase in the ratios of metallic cation to vanadium. The metallic cation-modified VPO/SiO 2 catalysts exhibited higher catalytic activities for the aldol condensation reaction of acetic acid with formaldehyde to acrylic acid than the VPO/SiO 2 catalyst. The high acidity and basicity of the metallic cation-modified VPO/SiO 2 catalysts favored the formation of acrylic acid.
Introduction
Acrylic acid is widely used as an important raw material in the chemical industry for the production of superabsorbent polymers, dispersants, paints, adhesives, textile auxiliaries, and oileld chemicals by virtue of its unsaturated bond and carboxylic acid group. [1] [2] [3] [4] [5] The two-step catalytic oxidation of propylene to acrylic acid is a commonly used technique in commercial production of acrylic acid. 6 However, propylene, as the feedstock for acrylic acid production, is non-sustainable and high cost because petroleum is a non-renewable resource and is gradually exhausted.
Considering both the environment and the economy, more and more attention has been paid to renewable and economic acrylic acid production methods, [3] [4] [5] 7 such as, lactic acid dehydration, 2, 8 glycerol deoxydehydration-oxidation, 9 and aldol condensation of acetic acid with formaldehyde.
3,4,7,10 Production of acrylic acid from renewable resource is limited by the high price of lactic acid and the low acrylic acid yield in glycerol deoxydehydration-oxidation. However, the production of acetic acid in China was around 5000 kilotons per year in 2015 and acetic acid has been oversupplied in Chinese market. The aldol condensation of acetic acid with formaldehyde to acrylic acid is a potential production technology using coal-derivative acetic acid and formaldehyde as the feeds.
It was reported that supported alkali and alkaline earth metal hydroxides exhibited good catalytic activity for the aldol condensation reaction between acetic acid (methyl propionate and methyl acetate) and formaldehyde. Vitcha et al. 11 rstly reported the synthesis of acrylic acid by the aldol condensation reaction between acetic acid and formaldehyde over alkali and alkaline earth metal aluminosilicate catalysts at the reaction temperatures of 275-385 C. With the high acetic acid/ formaldehyde ratios of 8-10 : 1 and the total reactant feed of 0.11 to 0.14 mol L cat À1 h À1 , acrylic acid yields of 80-100% were obtained. The low space-time yield probably limits the commercial application of these base catalysts. Ai 12 reported that silica gel-supported cesium hydroxide catalyst gave a high methyl methacrylate selectivity of 86.5% at the formaldehyde conversion of 77.3% when methyl propionate and formaldehyde were used as the stating materials with their feed rates of 2.29 and 0.458 mmol g cat À1 h À1 , respectively, at the reaction temperature of 360 C. Yan et al. 13 reported that when vapor phase condensation of methyl acetate with formaldehyde (mole ratio, 1 : 2) was catalyzed by SBA-15-supported cesium catalyst at 350-420 C and a total reactant feed rate of 3.6 mL g cat À1 h À1 , the selectivity of methyl acrylate and the conversion of methyl acetate were around 95% and 48%, respectively. They suggested that the high catalytic activity was mainly due to the suitable strength of weak acid-base properties of the catalyst. Vanadium phosphorus oxide (VPO) catalyst also exhibited good catalytic activity for the aldol condensation of acetic acid with formaldehyde to acrylic acid. Ai 14 reported that when trioxane was used as the formaldehyde source, the yield of acrylic acid of ca. 98% was obtained, based on the charged formaldehyde with the acetic acid/formaldehyde mole ratio of 2.5. In the case of formalin as the formaldehyde source, the yield of ca. 75% was obtained. The main side-reaction is the decomposition of acetic acid to form acetone and CO 2 . Feng et al. 15 found that when the aldol condensation of methyl acetate or acetic acid with formaldehyde was catalyzed by VPO catalyst at 360 C, the total formation rate of acrylic acid and methyl acrylate was ca.
1.188 mmol g cat À1 h À1 at the formaldehyde conversion of 85%.
The VOPO 4 and (VO) 2 P 2 O 7 were considered as the active components in the VPO catalyst for the aldol condensation reactions. 15, 16 In our previously work, 17 we found that when the VPO/SBA-15 catalyst with the P/V mole ratio of 2 : 1 catalyzed the aldol condensation of acetic acid with formaldehyde at 330-370 C, the acrylic acid selectivities were 90.8-70.2% at the formaldehyde conversions of 14.3-68.7%. The maximum formation rate of acrylic acid was 5.5 mmol g cat À1 h À1 and the acid/base properties of the supported VPO catalysts played important roles in the aldol condensation reaction. For the aldol condensation of acetic acid with formaldehyde to acrylic acid, the supported VPO catalyst exhibited higher formation rate of acrylic acid as compared to the alkali hydroxide and bulk VPO catalysts. 11, 15, 17 Both surface acidity and basicity of catalyst obviously affected the formation of acrylic acid. 17 On the other hand, the alkali and alkaline earth metal hydroxide catalysts exhibited high selectivity to acrylic acid or methyl acrylate in the aldol condensation reactions. Therefore, to obtain high catalytic activity for the aldol condensation reaction, the use of metallic action to adjust the surface acidity/ basicity of the supported VPO catalyst is practical.
In the selective oxidation of n-butane to maleic anhydride, it was found that metallic cations could stabilize the catalyst performance, affect the surface acidity of catalyst, and modify the structure of VPO catalyst, giving high catalytic activity.
18-24
However, to the best of our knowledge, the aldol condensation of acetic acid with formaldehyde to acrylic acid catalyzed by metallic cation-modied VPO catalyst has not been reported so far. The structural effect of metallic cation-modied VPO catalyst on the aldol condensation reaction is worth of investigation.
In our present work, the aldol condensation of acetic acid with trioxane (as the source of formaldehyde) to acrylic acid catalyzed by cesium-, cerium-, and neodymium-modied SiO 2 -supported vanadium phosphorus oxide (VPO/SiO 2 ) catalysts was investigated. The structures and acid/base properties of the resultant metallic cation-modied VPO/SiO 2 catalysts were analyzed. The presence of metallic cations in the VPO/SiO 2 catalysts signicantly improved the yield and the formation rate of acrylic acid. The effect of the structures and acid/base properties of these catalysts on their catalytic activities was discussed.
Experimental

Materials
V 2 O 5 (99%), phosphoric acid ($85%), iso-butyl alcohol, benzyl alcohol, acetone, acetic acid ($99%), trioxane (>99%), acrylic acid, methyl acrylate, cesium carbonate, ammonium cerium nitrate, and neodymium nitrate hexahydrate were of reagent grade and were purchased from Shanghai Sinopharm Co. Ltd. Silica aerogel (SiO 2 ) was purchased from Jiangsu Haoneng Chemical Co. Ltd. The chemicals were used as received without further purication.
Preparation of catalyst
Vanadium-phosphorous oxide (VPO) was prepared according to the reported organic methods.
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The procedures were briey illustrated as follows. 1.53 g of V 2 O 5 was reuxed in a mixture of iso-butyl/benzyl alcohol (60 mL : 60 mL) for 5.5 h, and then 4.26 g of phosphoric acid (85%) was added dropwise under reuxing for 5.5 h. A light blue suspension was obtained and cooled down to 50 C. Given amounts of cesium carbonate, ammonium cerium nitrate, and neodymium nitrate hexahydrate salts were dissolved in 40 mL iso-butyl alcohol, respectively. The salt solutions were added into the VPO suspension, respectively. And then 8 g of SiO 2 aerogel as a support was added into the suspension and stirred rapidly for 3 h. Aer cooling the reaction mixture to room temperature, the metallic cation-modied SiO 2 -supported VPO catalysts were ltrated and washed with isobutanol and acetone, respectively. The samples were dried at 120 C for 24 h and then calcined at 500 C for 4.5 h under atmospheric condition. The as-prepared catalysts were denoted Mn-VPO/SiO 2 , where, M and n indicate the metallic cation and the molar ratio of metallic cation to vanadium, respectively. The catalysts were extruded as pellets at 10 MPa and then crushed into particles with the sizes in a range of 0.45-0.8 mm. The compositions of the catalysts are listed in Table 1 .
Characterization
Nitrogen adsorption/desorption isotherms of the catalysts were measured at À196 C with a NOVA 2000e physical adsorption apparatus. Prior to the measurement, all the catalysts were degassed at 120 C for 4 h under vacuum. The specic surface areas and average pore sizes of the catalysts were calculated according to the BET and BIH methods, respectively. X-ray powder diffraction (XRD) was conducted at room temperature on a D8 super speed Bruke-AEX Company diffractometer with Cu Ka radiation (l ¼ 1.54056Å). The scanning rate was at 2 min À1 (2q).
X-ray photoelectron spectra (XPS) were performed on an XSAM800 spectrometer (Kratos Company) using Al Ka radiation (1486.6 eV). The binding energies were referred to the C 1s signal (284.6 eV).
CO 2 temperature-programmed desorption (CO 2 -TPD) was performed to measure the basicity of catalyst while the acidity was measured using NH 3 temperature-programmed desorption (NH 3 -TPD). 0.1 g of catalyst was heated at 400 C for 0.5 h and then the temperature was reduced to room temperature in a helium ow (30 mL min À1 ). The pre-treated samples were exposed in a CO 2 or a NH 3 stream for 0.5 h at room temperature. And then the samples were purged with helium at 100 C for 1 h to remove the physically adsorbed CO 2 and NH 3 . CO 2 -TPD and NH 3 -TPD were monitored with a thermal conductivity detector (TCD) from 100 to 800 C at a heating rate of 10 C min À1 . The base and acid amounts of the samples were quantitatively calculated according to the CO 2 and NH 3 desorption peak areas, respectively.
Catalytic test
The aldol condensation of acetic acid with formaldehyde was carried out in a xed bed tubular stainless steel reactor operating at atmospheric pressure. 3 g of catalyst was charged in the reactor. The reaction temperatures were in a range of 320-400 C. Trioxane ((HCHO) 3 ) was used as a source of formaldehyde because it can be decomposed to formaldehyde in an acid solution. Trioxane was dissolved in acetic acid with an acetic acid/formaldehyde mole ratio of 3 : 1. The feed stream was pumped into an evaporator at 300 C at the xed rate of 8.6 g h
). Nitrogen was fed into the reactor through the evaporator as a carrier gas at a ow rate of 30 mL min
À1
. The reaction mixture was collected in a cold trap at different reaction temperatures aer reacting for 1 h and analyzed on a gas chromatograph with a ame ion detector (FID) and a HT-WAX capillary column. The unreacted formaldehyde was analyzed by the iodometry method. CO 2 was analyzed on a gas chromatograph with a TCD and a TDX-01 packed column. nButanol was used as an internal standard for component quantication. The formaldehyde conversion (X) and the selectivities of acrylic acid (S AA ) and methyl acrylate (S MA ) based on formaldehyde were calculated according to the following equations, respectively.
where n 0 is the mole quantity of formaldehyde fed into the reactor; n t is the mole quantity of formaldehyde aer reaction; n AA and n MA are the mole quantities of acrylic acid and methyl acrylate, respectively. The yields of acetone (Y A ) and CO 2 (Y CO 2 ) based on acetic acid were calculated according to the following equations, respectively.
where n A and n CO 2 are the mole quantities of acetone and CO 2 , respectively. n AC is the mole quantity of acetic acid fed into the reactor. 
Results and discussion
XRD analysis
XPS analysis
The XPS spectra of the VPO/SiO 2 , Cs0.2-VPO/SiO 2 , Ce0.2-VPO/ SiO 2 , Nd0.2-VPO/SiO 2 , and used Cs0.2-VPO/SiO 2 catalysts are shown in Fig. 2-4 . The binding energies of components are listed in Table 2 . The XPS spectra show that when Cs, Ce, and Nd cations were added in VPO/SiO 2 catalyst, the binding energies of P 2p 3/2 shied to high values as compared with that in the VPO/SiO 2 catalyst (Fig. 2) (Fig. 3) . It was reported that the Cs 3d 5/2 binding energy of Cs 4 P 2 O 7 was 723.6 eV, referring to the residual C 1s of 284.6 eV. 28 The difference between the Cs 3d 5/2 binding energies in fresh Cs0.2-VPO/SiO 2 and pure Cs 4 P 2 O 7 indicated that there was an interaction between the Cs 4 P 2 O 7 and the VPO oxides in the Cs0.2-VPO/SiO 2 catalyst. The difference between the Cs 3d 5/2 binding energies in both fresh and used Cs0.2-VPO/SiO 2 catalysts revealed that the catalytic reaction also affected the chemical state of Cs cation.
The Ce 3d spectra of the Ce0.2-VPO/SiO 2 catalyst did not exhibit a peak near 915 eV assigned to the Ce 4+ cation. 29 Cerium in Ce0.2-VPO/SiO 2 catalyst was in the 3+ oxidation state. The Ce 3d 3/2 and Ce 3d 5/2 peaks had satellites, which were probably attributed to the existence of different nal states. 29 The Ce 3d 5/2 peak can be separated by curve tting with the soware XPS PEAK 4.1 (Fig. 3) . The spacing between the main and satellite peaks in the Ce 3d 5/2 curve was 3.7 eV, being the same as that calculated by Pemba-Mabiala et al. 29 The Ce 3d 5/2 binding energy was 885.7 eV, which was in agreement with the value of Ce 3d 5/2 (885.6 eV) in CePO 4 . 29 The formation of CePO 4 in the Ce0.2-VPO/SiO 2 catalyst was certied by XPS analysis, which was consistent with the XRD analysis.
The Nd 3d 5/2 spectrum of the Nd0.2-VPO/SiO 2 catalyst shows that the Nd 3d 5/2 binding energy was 982.4 eV (Fig. 3) (Fig. 4) . Deconvolution of the V 2p 3/2 spectra of the representative catalysts based on a Gaussian signal was carried out according to the method reported in literatures. [33] [34] [35] [36] [37] The V 2p 3/2 binding energies for V 5+ and V
4+
cations were around 518.6 and 517.0 eV, respectively ( , respectively. Their average pore diameters were around 5 nm. The addition of metallic cations decreased the surface area and average pore size. It was reported that pure VPO catalyst has the specic surface area of ca. 30 m 2 g À1 . 17 The silica aerogel support endowed the VPO catalysts with larger surface areas.
CO 2 -TPD and NH 3 -TPD analyses
CO 2 -TPD and NH 3 -TPD analyses were conducted to compare the surface basicities and acidities of the VPO/SiO 2 and metallic cation-modied VPO/SiO 2 catalysts (Fig. 5 and 6 ). The basicities and acidities of the catalysts calculated according to their CO 2 and NH 3 desorption peak areas are listed in Table 1 . The CO 2 -TPD proles of the metallic cation-modied VPO/SiO 2 catalysts show the CO 2 desorption peaks appearing at ca. 690 C, indicating that these catalysts had high base strength. 17 The basicities of the metallic cation-modied VPO/SiO 2 catalysts increased upon the increase in the metallic cation contents. Their basicities were in an order of Ce-VPO/SiO 2 > Nd-VPO/SiO 2 z Cs-VPO/SiO 2 > VPO/SiO 2 .
The NH 3 -TPD proles of the metallic cation-modied VPO/ SiO 2 catalysts show that the maximum NH 3 desorption peaks appeared at ca. 180 C. However, the temperatures of these NH 3 desorption proles were in a wide range of 100-600 C, indicating that all the catalysts had weak-, mild-and strong acid sites. 17, 38 It was found that at lower ratios of metallic cation to vanadium ranging from 0.05 to 0.1 for Cs and Nd and from 0.05 to 0.2 for Ce, the metallic cation-modied VPO/SiO 2 catalysts exhibited higher acidities than the VPO/SiO 2 catalyst. Upon further increasing the metallic cation/vanadium ratio to 0.3, the acidities of the metallic cation-modied VPO/SiO 2 catalysts decreased. The acidities of the metallic cation-modied VPO/ SiO 2 catalysts were comparable.
Catalytic performance
To evaluate the effect of the types of metal cations and their loadings on the aldol condensation of acetic acid with formaldehyde, a series of experiments were carried out at the reaction temperatures ranging from 320 to 400 C. In our present work, acrylic acid was detected as the main product. Methyl acrylate, acetone, and CO 2 were detected as the byproducts. The conversion of formaldehyde, the selectivity of acrylic acid, and the yield of acrylic acid based on formaldehyde were used as the parameters to evaluate the catalytic performances of the catalysts. The experimental results are shown in Fig. 7-9 . When the reaction was carried out over the VPO/SiO 2 and metallic cation-modied VPO/SiO 2 catalysts, the formaldehyde conversion increased upon increasing the reaction temperature (Fig. 7a) . Over the VPO/SiO 2 catalyst, the conversion of formaldehyde increased to 58.7% with increasing the reaction temperature to 400 C. All the metallic cation-modied VPO/ SiO 2 catalysts exhibited higher formaldehyde conversions than the VPO/SiO 2 catalyst. It was found that the Cs0.2-VPO/SiO 2 , Ce0.1-VPO/SiO 2 , and Nd0.05-VPO/SiO 2 catalysts exhibited high formaldehyde conversions in the Cs, Ce, and Nd cationmodied VPO/SiO 2 catalysts, respectively. When the reaction temperature was above 320 C, the formaldehyde conversions over the Cs0.2-VPO/SiO 2 , Ce0.05(0.1)-VPO/SiO 2 , and Nd0.05-VPO/SiO 2 catalysts were more than 66%, 72%, and 66%, respectively. From among them, the Ce-VPO/SiO 2 catalysts exhibited better catalytic activity for the conversion of formaldehyde in a wide range of Ce/V ratios. The types and contents of metallic cations present in the metallic cation-modied VPO/ SiO 2 catalysts affected their catalytic activities for the conversion of formaldehyde. The surface acidity and basicity analyses showed that the Cs0.2-VPO/SiO 2 , Ce0.05(0.1)-VPO/SiO 2 , and Nd0.05-VPO/SiO 2 catalysts had high acidities, revealing that high acidity favored the conversion of formaldehyde. Furthermore, it was found that the Ce-VPO/SiO 2 catalysts had higher basicities than the Cs-VPO/SiO 2 and Nd-VPO/SiO 2 catalysts. Meanwhile, the former exhibited higher catalytic activity than the latter. The result revealed that the basicity of the catalyst also played an important role in the reaction. The selectivities of acrylic acid over the VPO/SiO 2 and metallic cation-modied VPO/SiO 2 catalysts are shown in Fig. 7b . With increasing the reaction temperatures from 320 to 400 C, the selectivities of acrylic acid over the VPO/SiO 2 catalyst decreased from 98.9% to 85.4%. At 320 C, the selectivities of acrylic acid over the Cs-VPO/SiO 2 , Ce-VPO/SiO 2 , and Nd-VPO/ The acrylic acid yield was also used as a parameter to evaluate the catalytic performance of the metallic cation-modied VPO/ SiO 2 catalyst (Fig. 7c) . For the VPO/SiO 2 catalyst, the yields of acrylic acid were less than 56% at the reaction temperatures ranging from 320 to 400 C. When the Cs-VPO/SiO 2 catalysts with the Cs/V ratios of 0.1-0.2 were used at the reaction temperatures of 340-380 C, the yields of acrylic acid ranged from 61.1% to 74.2%. When the Ce-VPO/SiO 2 catalysts with the Ce/V ratios of 0.05-0.2 were used at the reaction temperatures of 340-380 C, the yields of acrylic acid ranged from 63.9% to 73.9%. When the Nd-VPO/SiO 2 catalysts with the Nd/V ratios of 0.05-0.1 were used at the reaction temperatures of 340-380 C, the yields of acrylic acid ranged from 61.5% to 69.5%. The results showed that the acrylic acid yields were dependent on both catalyst composition and reaction temperature. The Ce-VPO/SiO 2 catalysts with a wider range of Ce/V ratios exhibited better catalytic activity for the aldol condensation of acetic acid with formaldehyde to acrylic acid at a wider range of reaction temperatures. The maximum formation rate of acrylic acid over the Ce-VPO/SiO 2 catalyst was 10.1 mmol g cat À1 h
À1
, which was higher than that over the VPO/SiO 2 catalyst.
When the VPO/SiO 2 was used as the catalyst, with increasing the reaction temperature to 400 C, the methyl acrylate selectivity increased to 2.4% (Fig. 8) The acetone yields based on acetic acid over different catalysts are shown in Fig. 9a . The acetone yields increased with the increase in the ratios of metallic cation to vanadium and the reaction temperatures. The maximum acetone yields of 2.5%, 4.2%, 3.6%, and 4.3% were obtained over the VPO/SiO 2 , Cs0.3-VPO/SiO 2 , Ce0.3-VPO/SiO 2 , and Nd0.3-VPO/SiO 2 catalysts, respectively. The presence of the phosphate salts in the catalysts had a little effect on the dehydration of acetic acid to acetone.
The CO 2 yields based on acetic acid over different catalysts are shown in Fig. 9b . The CO 2 yields increased with the increase in the ratios of metallic cation to vanadium and the reaction temperatures. The maximum CO 2 yields of 3.5%, 6.7%, 6.3%, and 6.6% were obtained over the VPO/SiO 2 , Cs0.3-VPO/SiO 2 , Ce0.3-VPO/SiO 2 , and Nd0.3-VPO/SiO 2 catalysts, respectively.
It was found that the mole ratios of CO 2 to acetone were larger than 1, indicating that CO 2 was also formed through the decomposition of formaldehyde according to the following reactions. The Cs-, Ce-, and Nd-modied VPO/SiO 2 catalysts exhibited higher catalytic activities for the conversion of formaldehyde, giving higher acrylic acid yield than the VPO/SiO 2 catalyst. The Ce-VPO/SiO 2 catalysts with a wider Ce/V ratio exhibited good catalytic activity for the aldol condensation of acetic acid with formaldehyde to acrylic acid at a wider range of reaction temperatures. The Ce-VPO/SiO 2 catalyst may have commercial application considering that the acrylic acid yield was up to 73.9% and the maximum formation rate of acrylic acid was 10.1 mmol g cat À1 h À1 , higher than those over the pure VPO, VPO/SiO 2 , and alkali hydroxide catalysts.
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